ABSTRACT: The purpose of this study was to compare hip and knee biomechanics during walking in individuals with isolated tibiofemoral osteoarthritis (TFOA), combined TFOA and patellofemoral osteoarthritis (PFOA), and those without knee osteoarthritis (OA), and to compare patient-reported symptoms and function in individuals with isolated TFOA and those with combined TFOA and PFOA. Participants with and without knee OA were assessed and categorized into (i) no OA, (ii) isolated TFOA, and (iii) combined TFOA and PFOA, based on Kellgren and Lawrence diagnostic criteria. Quantitative motion analyses were conducted during walking, and hip and knee kinematics, and external moments were calculated. Peak values in the sagittal and frontal planes during stance phase were computed. Patient-reported symptoms and function data were obtained using the Western Ontario McMaster Universities Arthritis Index. Multivariate analyses of variance were conducted to compare between-group differences in gait and patient-reported symptoms and function data. The results showed no statistically significant differences in hip and knee kinematics and external moments between the three groups. Relative to those with isolated TFOA, individuals with combined TFOA and PFOA had greater pain (mean difference [95%CI]: 1.5 [0.05-3.1]), stiffness (0.8 [0.02-1.5]), and poorer function (5.4 [0.2-10.7]). In conclusion, the combined TFOA and PFOA radiographic disease pattern is associated with worse pain and function compared to the isolated TFOA disease pattern. The results of the present study provide no indications that treatments designed to change walking biomechanics should differ between individuals with isolated TFOA and those with combined TFOA and PFOA. ß
Knee osteoarthritis (OA) is a prevalent condition that is associated with considerable pain, functional limitations and reduced overall quality of life. 1, 2 Knee OA can occur in either the patellofemoral joint (PF), the tibiofemoral joint (TF), or both. In middle-aged individuals with chronic pain, combined TFOA and PFOA (44%) is the most prevalent radiographic disease pattern, followed by isolated PFOA (25%), and isolated TFOA (1%). 3 Knee OA research has primarily focused on the TF compartment, and cases with PFOA are often excluded or pooled with TFOA. In many studies, it is often unclear whether individuals with combined TFOA and PFOA disease pattern were included. Individuals with combined TFOA and PFOA represent a subset of individuals with knee OA, who may exhibit altered disease characteristics and who may benefit from treatment strategies targeting impairments that are unique to this subgroup.
Differences in walking patterns between individuals with combined TFOA and PFOA and isolated TFOA or PFOA disease pattern could influence the development, progression of structural disease, or persistence of symptoms and hence, could be targeted in compartment-specific interventions. A small number of studies have explored this theory. 4 , 5 Farrokhi, et al. 4 focused on sagittal plane biomechanics and reported that individuals with TFOA and severe PFOA had reduced knee flexion excursions and increased peak single-leg stance knee flexion moments relative to those with isolated TFOA during over-ground walking. Further research is required to explore whether individuals with combined TFOA and PFOA of any severity grade, not just those with severe OA, walk with different movement patterns than those with isolated TFOA, and analyses should include frontal planes of movement. In the frontal plane, a greater knee adduction moment is associated with TFOA disease progression, 6 but little is known about combined TFOA and PFOA. Further understanding of biomechanical patterns associated with different radiographic disease patterns might assist in developing treatment strategies to mitigate symptoms and functional limitations. The association between radiological compartmental involvement and symptoms also remains unclear. Studies have explored whether disease severity in the different compartments is associated with symptom severity, and PFOA severity appears to have a greater association with pain. 7, 8 When comparing compartment distribution in individuals who had undergone meniscectomy, the combined TFOA and PFOA disease pattern was associated with worse symptoms, poorer function, and worse knee-related quality of life compared to those with isolated TFOA. 9 However, Farrokhi et al. 10 found no significant differences in symptoms and function among individuals with isolated TFOA, those with mild PFOA (and TFOA), and moderate/severe PFOA (and TFOA). Determining whether the combined TFOA and PFOA disease pattern is associated with worse symptoms and function compared to the isolated TFOA disease pattern may increase our understanding of the relative impact of PFOA.
The primary objective of this study was to compare hip and knee kinematics and external moments in individuals with no knee OA, isolated TFOA, and combined TFOA and PFOA. The secondary aim was to compare symptoms and function in individuals with isolated TFOA and those with combined TFOA and PFOA. We hypothesized that individuals with combined TFOA and PFOA disease pattern would exhibit greater frontal and sagittal plane biomechanical deviations at the hip and knee joints compared to those with isolated TFOA. Further to this, individuals with combined TFOA and PFOA would have significantly greater symptoms and functional limitations than individuals with isolated TFOA.
METHODS

Study Design and Participants
Data were collected from a series of consecutive studies employing identical recruitment procedures. The institutional ethics review board approved these studies, and all participants provided written consent prior to the commencement of these studies. Indiviudals with knee OA were included if they exhibited radiographic evidence of knee OA (Kellgren and Lawrence [KL] diagnostic criteria 11 grade !2 in the medial and/or lateral TF compartment) and knee pain on most days of the previous month. Controls were pain-free on most days of the previous month, without radiographic OA (KL grade <2 all three compartments). The exclusion criteria for all participants were as follows: (i) knee surgery or intraarticular corticosteroid injection within previous 6 months; (ii) current or recent (within 4 weeks) oral corticosteroid use; (iii) any muscular joint or neurological condition affecting lower limb function; (iv) concomitant pain from the hips, ankles, feet, or lumbar spine; (v) contraindications for X-ray; (vi) inability to walk without a gait aid; and (vii) inability to understand written or spoken English. The current study utilized radiographic disease pattern, patient-reported function, and symptoms, gait, and demographic data in a cross-sectional design study to compare these outcomes in individuals with different radiographic knee OA patterns.
Radiographs
Knee radiographs were obtained in (i) semi-flexed, posterioranterior (PA) weight-bearing short film view; and (ii) weightbearing skyline view with knees flexed between 30˚and 40˚. One hundred and forty radiographs with PA and skyline views were assessed using the KL criteria. The radiographs in PA views were used to examine TFOA disease severity, and skyline views were used to assess PFOA disease severity. OA was defined as KL ! 2 in the compartment being assessed. Participants were then categorized in one of the three categories based on their OA pattern: (i) no OA (KL < 2 in all the TF and PF compartments); (ii) isolated TFOA (KL ! 2 OA in the TF compartment and KL<2 in the PF compartment); and (iii) combined TFOA and PFOA (KL ! 2 OA in both the TF and PF compartments).
Patient-Reported Pain and Function
The Likert version of the Western Ontario and McMaster Universities Arthritis Index (WOMAC) was completed to measure patient-reported pain and function. The WOMAC is a reliable and validated instrument to assess self-reported pain and physical function in individuals with knee OA. 12 It consists of three subscales: (i) pain consisting of five items on pain-related activities (0-20); (ii) stiffness consisting of two items on stiffness (0-8); and (iii) physical function consisting of 17 items on functional activities (0-68). Higher scores on the WOMAC indicate worse pain, stiffness, and functional limitation.
Gait Analysis
Identical data collection and analysis procedures were used for all participants who underwent gait analysis. Participants walked barefoot and overground at their self-selected speed while kinematic data were acquired at a sample rate of 120 Hz using a 10-camera motion analysis system (Motion Analysis Corp., Santa Rosa, CA). Retro-reflective markers were placed on each participant according to a modified Helen Hayes marker set. 13 Ground reaction force data were collected at 1,200 Hz using two force platforms (OR6-6, Advanced Mechanical Technologies Inc. Watertown, MA), visually concealed in the floor of a 10 m walkway. In participants with knee OA, the leg with more severe TFOA (based on KL grade) was tested and in those without knee OA, a random study limb was chosen for testing. Post-processing of data involved calculation of hip and knee kinematics and external moments using commercially-available software (Orthotrak, Motion Analysis Corp., Santa Rosa, CA), and joint moment data were normalized to body mass (Nm/kg). Each participant's gait data were averaged over five individual trials with clean force platform strikes.
Kinematic variables of interest included peak hip and knee flexion angles during the first half of the stance phase, peak hip extension, adduction, and abduction angles throughout stance, and average knee adduction angle between early to mid-stance. External moment variables of interest included peak hip and knee flexion and adduction moments during the first and second halves of the stance phase.
Data Management
One-hundred and thirty-seven participant radiographs were assessed for this study. Both the gait and WOMAC data were only available for 91 participants, gait data for 100 individuals (of 137 in total), and WOMAC data were available for 128 individuals (of 137 in total) (Fig. 1) . Therefore, participant characteristics for individuals with gait data and patient-reported symptoms and function data are presented separately in the results.
Statistical Analysis
All data were analyzed with the Statistical Package for the Social Sciences (SPSS Statistics Version 23, IBM Cooperation. Armonk, NY) and statistical significance was set at p < 0.05, with no corrections for multiple comparisons. Between-group differences were assessed using analyses of covariance (ANCOVA) or chi-square tests, as appropriate. Kinematic gait data were controlled for age, body mass, and gait speed, joint moment data were controlled for age and gait speed, while patient-reported 
RESULTS
Radiographic Osteoarthritis Severity
Radiographic data were available for 137 participants (Table 1) . In this dataset, 83% of participants had TFOA and 58% had PFOA. Isolated TFOA disease pattern was evident in 25% and combined TFOA and PFOA in 58%.
Participant Characteristics Gait data were included for 100 individuals. In the gait data group, there were 15 individuals without knee OA, 27 with isolated TFOA (TFOA severity: KL grade 2 ¼ 70.4%; KL grade 3 ¼ 22.2%; KL grade 4 ¼ 7.4), and 58 individuals with combined TFOA and PFOA (TFOA severity: KL grade 2 ¼ 48.3%; KL grade 3 ¼ 29.3%; KL grade 4 ¼ 22.4). All participants in the TFOA groups had at least some medial tibiofemoral involvement; no participants exhibited predominantly lateral TFOA. There were statistically significant differences in age (p ¼ 0.046), body mass (p ¼ 0.012), and BMI (p < 0.001) among the three groups. Participants in the combined TFOA and PFOA group were significantly older than those in the isolated TFOA group (p ¼ 0.020), and heavier than those in the no OA group (p ¼ 0.003) ( Table 2) . Participants with isolated TFOA (p ¼ 0.019) and combined TFOA and PFOA (p < 0.001) had significantly higher BMI than those without OA.
Patient-reported symptoms and function data were included for 128 individuals. In this data group, there were 14 individuals without knee OA, 34 with isolated TFOA (TFOA severity: KL grade 2 ¼ 70.6%; KL grade 3 ¼ 20.6%; KL grade 4 ¼ 8.8), and 80 individuals with combined TFOA and PFOA (TFOA severity: KL grade 
Between-Group Comparisons of Hip and Knee Kinematics and External Moments
There were no statistically significant differences in hip and knee kinematics or external moments among the three groups (Table 3 and Fig. 2 ).
Between-Group Comparisons of Patient-Reported Pain and Function
There were statistically significant differences in WOMAC pain (p < 0.001), stiffness (p < 0.001), and function (p < 0.001) subscales ( 
DISCUSSION
Summary of Findings
The current study showed no significant differences in hip and knee kinematics or external moments among the no OA, isolated TFOA, and combined TFOA and PFOA groups. Individuals with combined TFOA and PFOA had significantly worse pain, stiffness, and function compared to those with isolated TFOA.
Biomechanical Deviations Based on Radiographic Disease Pattern
Contrary to our hypothesis, the results of this study showed no statistically or clinically significant differences in hip or knee biomechanics between individuals with combined TFOA and PFOA and isolated TFOA disease patterns. In prior studies, individuals with PFOA disease has been associated with lower peak hip abductor muscle forces 14 and weaker hip abduction strength. 15 Based on this, we anticipated that individuals with combined TFOA and PFOA would have greater biomechanical deviations at the hip joint compared to those with isolated TFOA. Farrokhi et al. 4 described differences in knee sagittal plane kinematics and external moments between individuals with isolated TFOA and those with TFOA and severe PFOA. In the current study, most participants in the combined TFOA and PFOA group had mild radiographic PFOA (KL grade 2 ¼ 72%), and it is possible that individuals with more severe PFOA also reported significantly worse symptoms (betweengroup difference: 11%) and function (20%) in individuals with combined TFOA and PFOA compared to those with isolated TFOA following meniscectomy. Iijima et al. 16 assessed symptoms and function in a Japanese population with knee OA and reported worse symptoms (between-group difference: 16%) and function (13%) in individuals with combined TFOA and PFOA compared to those with isolated TFOA. In the current study, the differences in symptoms and function between the combined TFOA and PFOA and isolated TFOA groups were lower than previously reported (8-9%). In our combined TFOA and PFOA group, there were more individuals with moderate/severe radiographic TFOA disease severity (mild: 49%, moderate: 26%, and severe: 25%) compared to the isolated TFOA group (mild: 71%, moderate: 20%, and severe: 9%). The current study suggests that having PFOA in addition to TFOA is problematic from a patient perspective, but it must be recognized that TFOA severity also increases in those with multi-compartmental disease.
Implications for Research and Clinical Practice
Previous research demonstrates that knee pain severity is an important determinant of disability in the knee OA population. [17] [18] [19] Our research highlights that the combined TFOA and PFOA disease pattern is associated with significantly worse symptoms and functional limitations than the isolated TFOA disease pattern. Therefore, health and medical practitioners might want to explore whether the OA symptoms appear to be related to the PF and trial multi-modal interventions such as bracing, taping, movement retraining, and muscle strengthening exercises, which have known efficacy for PFOA symptoms. 20, 21 Limitations There are a number of limitations that should be acknowledged. Firstly, due to the cross-sectional nature of our results, we cannot infer causality. Therefore, further research is needed to determine the pathway of initiation and progression of knee OA and knee-related symptoms and function. Secondly, participants were recruited based on radiographic evidence of OA in the TF compartment/s, thus this study did not include individuals with isolated PFOA disease pattern. Future research is required to determine hip and knee kinematics and moments, and knee-related symptoms associated with the isolated PFOA disease pattern. Thirdly, functional limitations were assessed using a self-reported measure and may not represent an individual's true ability to perform functional tasks. Therefore, future research may consider using objective measures to assess functional limitations in individuals with different radiographic OA patterns. Fourthly, in the current study joint biomechanics were assessed during level walking. The PF plays a critical role in knee joint function, particularly during activities involving larges of flexion such as squatting, stair and descent. Therefore, individuals with combined TFOA and PFOA may demonstrate different biomechanics compared to those with isolated TFOA during activities such as stair ambulation. Fifthly, we chose to report peak values for all gait outcomes to ensure consistency across variables and to permit comparisons with previous studies. However, other variables -such as the knee adduction moment impulse-provide valuable information that may assist in differentiating between groups. 22, 23 Sixthly, we did not evaluate men and women separately as this would have further reduced sample size in each category. Further research is needed to explore if sex-specific differences exist in gait patterns based on radiographic disease patterns. Lastly, gait speed can influence biomechanical features. 24 For example, the amplitude of knee adduction moment is increased with faster walking speed. In the current study, the combined TFOA and PFOA group walked significantly slower than those in the no OA and isolated PFOA groups. To control for these differences in walking speed, we included gait speed as a covariate in the gait analyses. However, this adjustment can remove a portion of main effects. Therefore, the results of this study should be interpreted with caution.
CONCLUSIONS
In conclusion, while no gait differences exist, individuals with combined TFOA and PFOA have worse pain, stiffness and poorer function compared to those with isolated TFOA. The PF compartment involvement in the disease process appears to have important implications for worsening of symptoms. Further research is needed to understand symptoms and functional limitations associated with isolated PFOA disease pattern.
